Obscurin is a large (ϳ800-kDa), modular protein of striated muscle that concentrates around the M-bands and Z-disks of each sarcomere, where it is well positioned to sense contractile activity. Obscurin contains several signaling domains, including a rho-guanine nucleotide exchange factor (rhoGEF) domain and tandem pleckstrin homology domain, consistent with a role in rho signaling in muscle. We investigated the ability of obscurin's rhoGEF domain to interact with and activate small GTPases. Using a combination of in vitro and in vivo approaches, we found that the rhoGEF domain of obscurin binds selectively to rhoA, and that rhoA colocalizes with obscurin at the M-band in skeletal muscle. Other small GTPases, including rac1 and cdc42, neither associate with the rhoGEF domain of obscurin nor concentrate at the level of the M-bands. Furthermore, overexpression of the rhoGEF domain of obscurin in adult skeletal muscle selectively increases rhoA expression and activity in this tissue. Overexpression of obscurin's rhoGEF domain and its effects on rhoA alter the expression of rho kinase and citron kinase, both of which can be activated by rhoA in other tissues. Injuries to rodent hindlimb muscles caused by large-strain lengthening contractions increases rhoA activity and displaces it from the M-bands to Z-disks, similar to the effects of overexpression of obscurin's rhoGEF domain. Our results suggest that obscurin's rhoGEF domain signals at least in part by inducing rhoA expression and activation, and altering the expression of downstream kinases in vitro and in vivo.
INTRODUCTION
The three largest proteins of the sarcomere, titin, nebulin, and obscurin, are critical for the assembly of myofibrils and the structural integrity of the sarcomere. The organization of actin and myosin in the mature myofibril is regulated by nebulin and titin, respectively, but the functions of obscurin, the most recently discovered of the three, are still poorly understood. An orthologue of Unc89 (Benian et al., 1996; Sutter et al., 2004) , obscurin was first identified in mammals as a ligand of titin. Like titin, it is a multidomain protein (Young et al., 2001 ) composed largely of immunoglobulinlike (Ig) domains, which, with two fibronectin-like III (FnIII) domains, comprise its N-terminal and central regions. In the A isoform of obscurin, the C-terminal region of obscurin contains a calmodulin-binding (IQ) motif, followed by several Ig domains, a Src homology (SH) 3 domain, a rhoguanine nucleotide exchange factor (rhoGEF) domain, and tandem pleckstrin homology (PH) domain, two more Ig domains, and some nonmodular sequence. The nonmodular region at the extreme carboxy terminus includes several putative phosphorylation sites for extracellular signal-regulated kinase (ERK) kinases, as well as a binding site for a small, integral membrane form of ankyrin that concentrates in the network sarcoplasmic reticulum (nSR) (Young et al., 2001; Russell et al., 2002; Bagnato et al., 2003; KontrogianniKonstantopoulos et al., 2003; Borzok et al., 2007) . This isoform of obscurin, which is ϳ800 kDa in mass, localizes predominantly to the M-band during sarcomerogenesis and in mature muscle (Young et al., 2001; Borisov et al., 2004; Kontrogianni-Konstantopoulos et al., 2006a) . Striated muscle also expresses a larger (ϳ900-kDa) B isoform of obscurin, which instead of the C-terminal Ig domains and nonmodular sequence contains Ser/Thr kinase domains (Young et al., 2001; Russell et al., 2002) . This isoform is likely to be present primarily at the A/I junction of skeletal muscle (Bowman et al., 2007) . Other small, alternatively spliced forms of obscurin are also expressed in muscle and associate with distinct structures. In particular, smaller forms containing the rhoGEF domain of obscurin accumulate at the level of the Z-disk or Z/I junction as sarcomeres mature .
Studies using small interfering RNAs (siRNAs) directed against the 5Ј coding region of the large isoform of obscurin demonstrate that obscurin is critical for organization of the M-band, A-band, and nSR in developing myotubes Kontrogianni-Konstantopoulos et al., 2004 , 2006b , consistent with the presence of obscurin or its splice variants at several locations around the sarcomere, including M-bands and Z-disks (Kontrogianni-Konstantopoulos et al., 2006a,b; Musa et al., 2006) . Its interaction with the nSR is almost certainly facilitated by its presence at the periphery, rather than the interior, of myofibrils (Kontrogianni-Konstantopoulos and Bloch, 2005; Carlsson et al., 2008) . The subcellular localization of obscurin and its interactions with key elements of the contractile apparatus and intracellular membranes underscore its importance to the architecture and structural integrity of muscle, but the fact that it is alternatively spliced has made it difficult to define the This article was published online ahead of print in MBC in Press (http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E08 -10 -1029) on July 15, 2009. particular subcellular locations or functional roles of the various forms of obscurin in developing or mature cardiac and skeletal muscle (Bagnato et al., 2003; KontrogianniKonstantopoulos et al., 2003 KontrogianniKonstantopoulos et al., , 2004 KontrogianniKonstantopoulos et al., , 2006a KontrogianniKonstantopoulos and Bloch, 2005; Armani et al., 2006; Raeker et al., 2006; Borisov et al., 2008; Borzok et al., 2007; Bowman et al., 2007; Carlsson et al., 2008) .
The roles obscurin plays in signal transduction have been a topic of interest since its signaling motifs, including a calmodulin-binding motif, SH3 domain, rhoGEF domain, and tandem PH domain, as well as its phosphorylation consensus motifs for ERK kinases were first recognized (Young et al., 2001) . Although each of these domains may also bind to other structural proteins-indeed, we recently reported that the rhoGEF domain binds to RanBP9 in muscle (Bowman et al., 2008) -the presence of these signaling regions suggests that obscurin may participate in multiple signal transduction pathways in muscle. This is consistent with obscurin's central roles in assembling the sarcomere and sarcoplasmic reticulum. Of particular interest is the role or roles that obscurin may play in regulating rho signaling in muscle.
The rho family of small GTPases, particularly rhoA, rac1, and cdc42, have been well characterized for their ability to modulate actin reorganization, regulate transcription, and participate in control of the cell cycle (Kjoller and Hall, 1999; Brown et al., 2006) , and they play key roles in the development and maintenance of skeletal muscle. Rac1 and cdc42 are critical for myotube formation, and they are necessary for transcription of muscle-specific genes, including myogenin, troponin T, and the heavy chain of myosin (Luo et al., 1994; Takano et al., 1998; Meriane et al., 2000) . RhoA activates myogenesis and promotes differentiation of skeletal muscle, in part by regulating serum response factor (SRF) (Hill et al., 1995; Takano et al., 1998; Wei et al., 1998; Charrasse et al., 2003 Charrasse et al., , 2006 Castellani et al., 2006) , which in turn is required for MyoD expression (Carnac et al., 1998) . It also enhances survival of myoblasts and myoblast fusion, which promotes skeletal muscle cell differentiation (Reuveny et al., 2004; Castellani et al., 2006) . RhoA elicits its effects through activation of kinases, including rho-kinase (ROCK) and citron kinase (CRIK), as well as through interaction with scaffolding proteins, including rhotekin and diaphanous, and through transcriptional activation of genes containing a serum response element (SRE) in their promoter (Sahai et al., 1998; Wei et al., 1998; Lin et al., 2002; Carson et al., 2003; Shandala et al., 2004; Ahuja et al., 2007) . RhoA-CRIK signaling mediates cytokinesis and Golgi organization via changes in the actin cytoskeleton in both muscle and nerve (Camera et al., 2003; Shandala et al., 2004; Ahuja et al., 2007; Berto et al., 2007) . RhoA-ROCK1 signaling regulates myoblast fusion as well as muscle hypertrophy, primarily by regulating the nuclear localization of SRF (Wei et al., 1998; Sotiropoulos et al., 1999; Lin et al., 2002; Liu et al., 2003; Li et al., 2005; Castellani et al., 2006; Charrasse et al., 2006) .
Despite the central role that small GTPases play in skeletal muscle, we know little about their regulation, in particular their regulation by the guanine nucleotide exchange factors (GEFs) that typically activate them (O'Brien et al., 2000; Bryan et al., 2005a,b) . The presence of a rhoGEF domain in obscurin and its potential to regulate small GTPases is particularly interesting, because obscurin localizes to the periphery of the sarcomere and is therefore well positioned to sense, transmit, and potentially respond to changes in the length and diameter of sarcomeres, related to contraction and stretch, as well as to changes in tension linked to the contractile cycle. In this study, we investigate the ability of obscurin's rhoGEF domain to interact with small GTPases of the rho family, and identify rhoA as a primary ligand. We show that rhoA colocalizes with obscurin at the level of the M-band in developing myotubes and in adult skeletal muscle. Furthermore, we demonstrate that obscurin's rhoGEF domain can activate rhoA in adult skeletal muscle and affect expression of kinases downstream of rhoA.
MATERIALS AND METHODS

Culture and Transfection of COS-7 Cells
COS-7 cells were maintained in DMEM supplemented with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin and 0.1% amphotericin B (Fungizone, Invitrogen, Carlsbad, CA), at 37°C with 10% CO 2 and 90% air. Cells were transfected with DNA constructs encoding green fluorescent protein (GFP), GFP-tagged rhoGEF, or rhoGEF-PH domains of obscurin (rhoGEFpEGFP-C2 or rhoGEF-PH-pEGFP-C2) and hemagglutinin (HA)-tagged constructs of small GTPases of the rho family. The primers used to clone the rhoGEF domain of obscurin into pEGFP-C2 were 5Ј-gaattcgtcatccaggagttgctgagttc-3Ј and 5Ј-ggatccctagcgctgtggcagggcaga-3Ј, and the primers used to clone the rhoGEF-PH domains were 5Ј-gaattcgtcatccaggagttgctgagttc-3Ј and 5Ј-ggatccctagccacgatctgcttcac-3Ј. The DNA constructs for the small GTPases were obtained from University of Missouri cDNA Resource Center (Rolla, MO), and include the wildtype (wt) dominant-negative (DN), or constitutively active (CA) forms of rhoA, cdc42, rac1, or tc10. FuGENE 6 reagent was used to transfect cells, according to the manufacturer's protocol (Roche, Basel, Switzerland) . Cells were collected for lysates or processed for fluorescent immunolabeling 24 h after transfection.
Immunoprecipitation and Western Blot Analysis
COS-7 cells were lysed in a buffer containing 50 mM Tris, 0.5% NP-40, 0.1% sodium deoxycholate, 150 mM NaCl, 4 mM EDTA, and Complete protease inhibitors (Roche) , collected on ice, sheared with a 21-gauge needle and syringe, and then subjected to centrifugation at 10,000 ϫ g for 10 min at 4°C. After quantification of protein with the Bio-Rad reagent (Bio-Rad Laboratories, Hercules, CA), 400 g of total protein was incubated with 40 l of protein A-Sepharose beads and 5 l of rabbit polyclonal antibody to GFP (Invitrogen, Carlsbad, CA) for 2 h at 4°C with gentle rotation. The beads were then washed four times with lysis buffer to reduce nonspecific binding. An equal volume of 2ϫ SDS-polyacrylamide gel electrophoresis (PAGE) buffer (Bio-Rad Laboratories) was added to the beads, and samples were heated at 90°C for 5 min before loading on a Bis-Tris SDS protein gel (Invitrogen). An aliquot of the cell homogenate (50 g/well) was also analyzed.
After SDS-PAGE, proteins were transferred to nitrocellulose for Western blot analysis. Membranes were incubated in a 3% milk/Tris-buffered saline solution before incubating with primary antibodies in the same solution. Primary antibodies were rabbit anti-GFP (Invitrogen), mouse anti-HA (Sigma-Aldrich, St. Louis, MO), mouse anti-RhoA (catalog no. sc-418; Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-cdc42 (catalog no. sc-87; Santa Cruz Biotechnology), or mouse anti-rac1 (catalog no. ARC03; Cytoskeleton, Denver, CO). We confirmed many of our results with rhoA with a second antibody specific for this protein, from Cytoskeleton (catalog no. ARH03). Species-specific secondary antibodies conjugated to horseradish peroxidase (HRP; GE Healthcare, Chalfont St. Giles, Buckinghamshire, United Kingdom), followed by chemiluminescent detection (Pierce), were used to detect bound antibody.
Culture and Collection of Primary Skeletal Myotubes
Primary cultures of rat myotubes were prepared as described previously (Bloch, 1979; Kontrogianni-Konstantopoulos et al., 2006b) . Cultures were maintained in DMEM with 10% FBS, 1% penicillin-streptomycin, and 0.1% amphotericin B until 96 h after initial plating, at which point the media were supplemented with 4 ϫ 10 Ϫ5 M cytosine arabinoside (Sigma-Aldrich). Cultures were collected 24 -168 h after initial plating.
For immunolabeling, cultures were washed twice with phosphate-buffered saline (PBS) and fixed with 1% paraformaldehyde in PBS for 10 min at room temperature. Fixed cells were permeabilized with 70% ethanol in PBS for 10 min at room temperature, washed with PBS, and then immunolabeled and examined under confocal optics (see below).
For Western blotting, cultures were scraped with a rubber policeman and collected into a tube on ice. An equal volume of homogenate buffer was added to the cells (2% NP-40, 150 mM NaCl, 4 mM EDTA, and Complete protease inhibitors in PBS). After 30-min incubation on ice, the samples were homogenized and spun, as described above. Equal amounts of total protein (60 g/well) were heated at 42°C for 45 min in 2ϫ SDS-PAGE sample buffer before separation by SDS-PAGE. After transfer to nitrocellulose, proteins were incubated with primary antibodies to rhoA (Santa Cruz Biotechnology) or obscurin (Kontrogianni-Konstantopoulos et al., 2003; Bowman et al., 2007) , and the appropriate secondary antibodies conjugated to HRP.
Culture of Flexor Digitorum Brevis Fibers
Sprague Dawley rats (Zivic-Miller Laboratories, Zelienople, PA), 28 -32 d postnatal, were anesthetized with isoflurane and killed by cervical dislocation. The flexor digitorum brevis muscle was immediately isolated from each foot, and the fibers were dissociated for culture as described previously (Zuurveld et al., 1984) . Fibers were maintained in DMEM supplemented with 0.2% bovine serum albumin (BSA), 0.1% gentamicin, and 0.1% amphotericin B, then plated on Matrigel-coated glass coverslips and incubated at 37°C with 5% CO 2 , 95% air. Cells were fixed 24 h after plating with 1% paraformaldehyde in PBS for 10 min at room temperature, permeabilized for 10 min in 0.1% Triton in PBS at room temperature, and immunolabeled.
Fluorescent Immunolabeling and Confocal Microscopy
All samples processed for immunolabeling were first incubated in 1 mg/ml BSA in PBS for 1 h. Primary antibodies used were rabbit anti-GFP (Invitrogen), mouse anti-HA (Sigma-Aldrich), mouse anti-rhoA (Santa Cruz Biotechnology), guinea pig anti-RhoGEF (Bowman et al., 2007) , rabbit anti-TitinZ (antibodies to the first 2 Ig domains of titin, which are located adjacent to the Z-disk) (Kontrogianni-Konstantopoulos et al., 2006b) , rabbit anti-TitinM (antibodies to Ig domains in titin, which are located at the level of the M-band) , mouse anti-obscurin N terminus (Nt, generated to the first 2 Ig domains of obscurin) (Kontrogianni-Konstantopoulos et al., 2006b) , rabbit anti-obscurin C terminus (generated to the last 2 Ig-like domains and the nonmodular C-terminal region of obscurin) (Kontrogianni- Konstantopoulos et al., 2003) , rabbit anti-cdc42 (Santa Cruz Biotechnology), mouse anti-rac1 (Cytoskeleton), rabbit anti-ROCK1 (Santa Cruz Biotechnology), and rabbit anti-CRIK (BioLegend, San Diego, CA). Samples were incubated in primary antibodies at a final concentration of 2 g/ml in 1 mg/ml BSA in PBS, for 2 h at room temperature (cells) or overnight at 4°C (cryosections). Cells were washed twice with PBS before incubating for 1.5 h at room temperature with fluorescein-, rhodamine-, or Cy5-conjugated species-specific antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA). Samples were washed three times with PBS before mounting with Aqua-Poly/Mount solution (Polysciences, Warrington, PA). Samples were imaged with a 510 Meta confocal laser scanning microscope (Carl Zeiss, Tarrytown, NY).
In Vivo Gene Transfer via Electroporation
Male 6-wk-old Sprague-Dawley rats (Zivic-Miller Laboratories) were anesthetized with a continuous flow of isoflurane (2 l/min) during the entire procedure. While the animal was anesthetized and unresponsive to painful stimuli, the hindlimb was surgically incised to expose the tibialis anterior muscle. DNA encoding GFP, GFP-rhoGEF, or GFP-rhoGEF-PH was injected into the tibialis anterior (TA) muscle, with a 30-gauge insulin needle and syringe, at a concentration of 1 g/l in 0.9% sterile saline, in a total volume of 100 l. After injection, the injected muscle was electroporated using 5 ϫ 150 V/cm pulses of 20 ms each, with 200msec intervals between pulses. The hindlimb was sutured, and the animal was monitored during recovery. Animals were killed 7 d after in vivo gene transfer (IVGT), by anesthetization with isoflurane and perfusion with 2% paraformaldehyde in PBS (for cryosections) or PBS with protease inhibitors (for homogenates). The electroporated muscles were collected and snap-frozen in liquid nitrogen. Muscles fixed with paraformaldehyde were cryosectioned into 20-m longitudinal or cross sections, and immunolabeled as described above. Muscles perfused with PBS were homogenized to yield whole muscle extracts, using homogenate buffer (see above, but without 4 mM EDTA) and a mortar and pestle to grind the tissue. Homogenized samples were processed as described above.
Rho Activity Assay
Muscle homogenates were assayed for rho activity by using agarose beads coupled to glutathione transferase (GST)-rhotekin binding domain (GST-RBD; Cytoskeleton). In brief, 500 g of protein from muscle homogenates was incubated with 30 g of GST-RBD agarose beads for 2 h at 4°C with gentle rotation. Beads were washed three times with PBS and then heated in SDS-PAGE sample buffer at 90°C for 5 min. Proteins were separated by SDS-PAGE, transferred to nitrocellulose, and probed with mouse antibody to rhoA.
Antibodies for Western Blot Analysis of Adult Rat TA Muscle Homogenates
Rabbit anti-ROCK1, goat anti-citron kinase, rabbit anti-cdc42, and mouse anti-rhoA were from Santa Cruz Biotechnology, and were used at 200 ng/ml for Western blots. Mouse anti-rac1 was from Cytoskeleton and was also used at 200 ng/ml. Rabbit anti-TC10 was from Sigma-Aldrich and was used at 1 g/ml for Western blots, as recommended by the manufacturer.
Injury Induced by Eccentric Lengthening Contractions
Male age-matched Sprague-Dawley rats (Zivic-Miller Laboratories), weighing 275-325 g, were anesthetized with a continuous flow of isoflurane (2 l/min) during the entire procedure. Rats were injected intraperitoneally with fluorescein dextran (FDX), a marker for sarcolemmal damage. Injury induced by eight lengthening contractions was performed as described previously (Lovering et al., 2005; Lovering et al., 2007) . As injury occurs, FDX is taken up and retained by injured myofibers and serves as a marker for those fibers for many days (Roche et al., 2008) . Within 1 h of the injury, rats were perfused with paraformaldehyde or PBS, and tissue was collected for cryosections or Western blot analysis, respectively, as described above.
Rats were used according to the guidelines set by the National Institutes of Health Guide for Care and Use of Laboratory Animals. The University of Maryland Institutional Animal Care and Use Committee approved our procedures.
RESULTS
The rhoGEF-PH Domains of Obscurin Bind and Activate RhoA In Vitro
We first identified the small GTPases that interact with the rhoGEF domain of obscurin by coexpressing the rhoGEF-PH domains of obscurin as GFP-fusion proteins, together with the dominant-negative HA-tagged forms of small GTPases of the rho family. Immunofluorescent confocal microscopic imaging of cotransfected COS-7 cells showed that rhoA-DN extensively colocalizes with GFP-rhoGEF-PH, whereas cdc42-DN and rac1-DN do not ( Figure 1A) . Similar results were obtained with the rhoGEF domain alone (data not shown). In a parallel set of experiments, the GFP-rho-GEF-PH fusion protein was immunoprecipitated from lysates of transfected COS-7 cells, with an antibody to the GFP tag, and separated by SDS-PAGE. Western blots revealed that the dominant-negative form of rhoA interacts with GFP-rhoGEF-PH, whereas the constitutively active form of rhoA and the dominant-negative form of cdc42 do not (Figure 1B) . We were unable to determine whether the dominant-negative form of rac1 binds the GFP-rhoGEF or GFPrhoGEF-PH domains, due to low transfection efficiency or possibly cell toxicity (data not shown).
To determine whether obscurin's rhoGEF domain can activate rhoA in COS-7 cells, we cotransfected cells with wt rhoA and GFP, GFP-rhoGEF, or GFP-rhoGEF-PH. We used GST-tagged rhotekin binding domain, a rhoA effector fragment that binds only the GTP-bound form of rhoA, to precipitate active rhoA from cell lysates. Western blot analysis with a rhoA-specific antibody showed that expression of either GFP-rhoGEF or GFP-rhoGEF-PH increases the amount of GTP-bound rhoA ( Figure 1C ). These results suggest that obscurin acts as a guanine exchange factor for rhoA.
RhoA Organizes with the rhoGEF Domain of Obscurin in Developing Myotubes and in Adult Skeletal Muscle
We next examined the expression and subcellular organization of endogenous rhoA in skeletal myotubes developing in culture. Western blots of homogenates of primary myotube cultures, prepared from skeletal muscles from the hindlimb of neonatal rats, revealed that rhoA is expressed early in myotube formation and quickly reaches steady-state levels (Figure 2A ), consistent with its role in the early stages of sarcomerogenesis (Carnac et al., 1998; Takano et al., 1998; Wei et al., 1998) . RhoA localizes to the M-band by day 7 after initial plating, where it colocalizes with obscurin, labeled with antibodies to its rhoGEF domain ( Figure 2B ). The C terminus of obscurin accumulates around the M-band ϳ2 d earlier , which, together with these results, suggest that obscurin and rhoA are appropriately placed to interact in vivo.
We also investigated the localization of endogenous rhoA in adult skeletal muscle. As with developing myotubes, rhoA colocalizes with the rhoGEF domain of obscurin at the M-band in cultures of fibers from the rat flexor digitorum brevis (FDB) muscle ( Figure 3A) , as well as in cryosections of mouse TA muscle (Figure 3, B and C) . This localization is in contrast to that for cdc42, which predominantly localizes to the Z-disk, and for rac1, which localizes to the A-band ( Figure 3C ). Specificity of the rhoA antibody was confirmed by immunoprecipitation of wildtype HA-rhoA, HA-cdc42, HArac1, or HA-tc10 from transfected COS-7 cell lysates, and assay by immunoblotting with primary antibodies specific for each small GTPase (Figure 3, D and E) . We obtained similar results for rhoA localization with other skeletal muscles (data not shown). Thus, the accumulation of rhoA at the M-band that occurs during development persists in adult muscle.
Expression of the RhoGEF Domain of Obscurin in Adult Skeletal Muscle Alters RhoA Localization
To determine the effects of exogenous expression of the rhoGEF and rhoGEF-PH domains of obscurin in adult skeletal muscle, we used IVGT to overexpress these domains as GFP-fusion proteins in muscles of 6-wk-old male rats. DNA encoding GFP-rhoGEF or GFP-rhoGEF-PH was injected into one TA muscle, and GFP alone was injected into the contralateral TA as a control. Subsequent electroporation of the injected muscle greatly increased transfection efficiency (Mir et al., 1998 (Mir et al., , 1999 , with ϳ60 or 30% of the muscle fibers showing a moderate to high levels of GFP-rhoGEF or GFP-rhoGEF-PH expression, respectively, 1 wk after transfection ( Figure 4A) . In longitudinal sections, we found that rhoA localizes to the M-band in GFP-transfected muscle ( Figure 4B, top) , as seen in nontransfected controls ( Figure 3A) . In muscle transfected with GFP-rhoGEF or GFP-rhoGEF-PH, rhoA still localizes to the M-band, but it is also found at locations between M-bands, especially at the level of the I-band and possibly the Z-disk and the Z/I junction ( Figure 4B , middle and bottom). Quantification of the relative immunofluorescence intensity of labeling for rhoA across a sarcomere confirmed this altered distribution ( Figure 4C ).
Overexpression of Obscurin's RhoGEF Domain in Adult Skeletal Muscle Increases RhoA Expression and Activity and Leads to Increased ROCK1 and Decreased CRIK Expression
We next examined homogenates of transfected muscle to learn the effects of the expression of GFP-rhoGEF on the amount and activity of rhoA. Because ϳ60% of the fibers expressed GFP- HA-rhoA-DN colabels extensively with GFPrhoGEF-PH, but HA-cdc42-DN and rac1-DN do not (right, shown in yellow, insets). Bars, 10 m. (B) COS-7 cells were cotransfected as in A, or with plasmids encoding GFP and HArhoA-DN or GFP-rhoGEF-PH and HA-rhoA-CA. After transfection, rabbit anti-GFP antibody was used to immunoprecipitate GFP or GFP-rhoGEF-PH from cell lysates. Western blot analysis reveals that HA-rhoA-DN coimmunoprecipitates with the GFP-rhoGEF-PH domains of obscurin but that HA-rhoA-CA and HAcdc42-DN do not. (C) COS-7 cells were cotransfected with plasmids encoding wt-rhoA and GFP, GFP-rhoGEF, or GFP-rhoGEF-PH. After transfection, GST-tagged rhotekin binding domain (GST-RBD) was used to adsorb active, GTPbound rhoA from cell lysates. Western blot analysis shows that coexpression of GFP-rhoGEF or GFP-rhoGEF-PH increases the amount of active rhoA, compared with GFP alone.
rhoGEF, compared with only ϳ30% that expressed GFP-rho-GEF-PH, we focused on homogenates from muscle transfected with GFP-rhoGEF. Notably, expression of GFP-rhoGEF led to an increase in rhoA expression, which was approximately threefold higher than in muscle transfected with GFP alone (n ϭ 3; p Ͻ 0.005). Similar results were seen with expression of the GFP-rhoGEF-PH domains, although lower transfection efficiency of this construct resulted in less dramatic effects on rhoA expression in total homogenates. The increased rhoA expression was accompanied by a 12.5-fold increase in active, GTP-bound rhoA in GFP-rhoGEF-transfected muscle, as determined by binding to GST-rhotekin binding domain ( Figure  5 , A and B; n ϭ 3; p Ͻ 0.005). Equal loading was confirmed by staining with Ponceau Red.
We investigated the levels of expression of ROCK1 and CRIK, to determine whether overexpression of the rhoGEF domain affected these downstream rhoA effectors. Both enzymes are activated by rhoA in other tissues (Zhang et al., 2003; Shandala et al., 2004; Berto et al., 2007; Del Re et al., 2007; Hilgers et al., 2007; Peters and Michel, 2007) . Increased rhoA expression and activity consistently correlates with increased ROCK1 expression and decreased CRIK expression ( Figure 5C , top). The measured changes in expression of ROCK1 and CRIK between GFP-and GFP-rhoGEF-transfected samples, averaged from three different experiments, indicate that the 12.5-fold increase in rhoA activity that occurred upon overexpression of the rhoGEF domain is associated with a 3.6-fold increase in ROCK1 expression and a 2.4-fold decrease in CRIK expression ( Figure 5D ; n ϭ 3, p Ͻ 0.05 and p Ͻ 0.005, respectively). Ponceau staining confirmed equal loading for all experiments. Note that the expression of two related GTPases, cdc42 and rac1, does not change upon overexpression of obscurin's rho-GEF domain (Figure 5C , bottom; n ϭ 3), consistent with the ability of obscurin's rhoGEF domain to discriminate among the small GTPases of the rho family.
Overexpression of Obscurin's RhoGEF Domain Leads to Altered Localization of ROCK1 and CRIK In Vivo
To determine whether overexpression of the rhoGEF domain affects the localization of ROCK1 and CRIK, as well as their levels of expression, we examined endogenous ROCK1 and CRIK in longitudinal sections after IVGT. In GFP-transfected rat TA muscle, ROCK1 localizes primarily at the level of the Z-disk ( Figure 6A ), as it does in untransfected muscle (data not shown). In the contralateral TA muscle, transfected with plasmid encoding GFP-rhoGEF, ROCK1 immunofluorescence is not only visibly greater, consistent with its increased level of expression, but also is present at the I-band and Z/I junction, Total protein from homogenates of primary myotubes was analyzed as a function of time in culture by Western blotting for rhoA and obscurin. RhoA expression increases up to day 5 in culture (top), at which time the large, ϳ800-kDa isoform of obscurin is clearly expressed (middle). Smaller bands that label with antibody to the rhoGEF domain of obscurin are expressed at apparently constant levels between D2 and D5 in culture (bottom). (B) Primary myotube cultures were labeled at 4, 6, or 7 d after initial plating with primary antibodies for the Z-disk region of titin (titinZ, green), rhoA (red), and the rhoGEF domain of obscurin (blue). RhoA organizes with obscurin at the M-band after the ϳ800-kDa form of obscurin is expressed (overlay, purple). Bars, 10 m. and to some extent at the M-band ( Figure 6A ). CRIK localizes primarily at the level of the M-band and A-band in GFPtransfected muscle ( Figure 6B ) and untransfected muscle (data not shown). In the contralateral GFP-rhoGEF-transfected muscle, CRIK immunofluorescence decreases to below the level of detection (data not shown). In conjunction with the data from Western blot analysis, these data suggest that GFP-rhoGEFmediated increases in rhoA activity diminish CRIK protein expression. These results indicate that, in addition to increasing ROCK1 protein expression and decreasing CRIK expression, overexpression of obscurin's rhoGEF domain, and the corresponding increase in rhoA activity, can alter the sarcomeric localization of these downstream kinases.
Contraction-induced Injury Activates RhoA and Displaces It from the M-Band
To determine whether rhoA can be activated in vivo, we analyzed tissue collected from rats after an injury induced by large-strain lengthening contractions (Lovering et al., 2007; Roche et al., 2008) . Shortly after injury to the TA muscle, rhoA localized to the M-bands, Z-disks, and Z/I junctions of injured myofibers, labeled with FDX ( Figure 7A ; see Materials and Methods). The contralateral muscle, not subjected to injury, showed rhoA only at M-bands ( Figure 7A ), as in untreated controls (see above). Quantitative line-scans confirmed that in the control tissue rhoA localized to the M-bands, whereas in the injured tissue rhoA localization was altered ( Figure 7B) . Concomitant with the displacement of rhoA from the M-bands after injury, we measured an increase in the active, GTP-bound form of rhoA, compared with the uninjured contralateral muscle ( Figure 7C ). These results were similar to the effect of overexpression of the rhoGEF domain of obscurin (Figures 4  and 5) . Together, these data indicate that large-strain lengthening contractions can activate and displace rhoA, in a manner similar to that observed when the rhoGEF domain of obscurin was overexpressed.
DISCUSSION
This is the first study to identify rhoA as a major ligand for the rhoGEF domain of obscurin that is directly involved in signaling in mammalian striated muscle. We show that ob- . Cdc42 is present predominantly at the Z-disk, and rac1 at the A-band. Bars, 10 m. (D) COS-7 cells were cotransfected with HA-tagged, wild-type forms of rhoA, cdc42, or rac1. The HA-tagged proteins were extracted and immunoprecipitated with antibody to the HA tag. Western blot analysis shows that the rhoA antibody used in this study is specific for rhoA and does not recognize two closely related proteins, cdc42 or rac1 and that antibodies to the latter proteins do not recognize rhoA. (E) COS-7 cells were cotransfected with HA-tagged forms of rhoA or tc10. The HA tagged proteins were extracted, immunoprecipitated and analyzed by Western blot as described in D. The rhoA antibody used in these experiments does not recognize tc10.
scurin's rhoGEF domain interacts with rhoA in vitro, but not with the closely related protein, cdc42, and that obscurin codistributes with rhoA at the M-band in vivo, in both developing myotubes and in adult skeletal muscle. We show further that overexpression of obscurin's rhoGEF domain in adult rat hindlimb muscle increases the expression of rhoA threefold but has little effect on the expression of cdc42 or rac1. This increase is accompanied by the appearance of rhoA at other sarcomeric structures, as well as by changes in expression and localization of two of rhoA's downstream effectors, ROCK1 and CRIK. We reported previously that the rhoGEF domain of obscurin binds ranBP9 (Bowman et al., from rat TA were examined as described in A. The contralateral TA, transfected via IVGT with GFP alone, was used as a control. Top, after transfection of a vector encoding GFP, endogenous rhoA remains localized to the M-band (red; purple in merged image to right). Obscurin's rhoGEF localizes to both the M-band and the Z-disk or Z-I junction (blue; purple in merged image to right). Middle, transfection of GFP-rhoGEF results in rhoA localization at both the M-band and Z-disks or Z-I junctions (red). Bottom, GFP-rhoGEF-PH expression promotes more extensive association of rhoA with Z-disks and Z/I junction (red). The rhoGEF antibody recognizes both endogenous obscurin and the GFP-rhoGEF fusion proteins. Bars, 10 m. (C) Quantification of rhoA intensity, measured with ImageJ software across one sarcomere length from the insets shown in B. Top, intensity of rhoA staining in GFP transfected muscle, from Z-disk to M-band to Z-disk. Middle, intensity of rhoA staining in GFP-rhoGEF transfected muscle. Bottom, intensity of rhoA staining in GFP-rhoGEF-PH transfected muscle. RhoA localizes to both the M-band and the Z-disk in the presence of GFP-rhoGEF or GFPrhoGEF-PH. 2008), a protein that was first identified as a ligand of the small GTPase, ran-GTP, and that, our results showed, can influence the assembly of Z-disks in developing sarcomeres. The results we report here support the idea that obscurin's rhoGEF domain also participates directly in signaling in muscle fibers, specifically by regulating the levels, activities, and subcellular localizations of rhoA and the amounts and subcellular localizations of two of its downstream effectors, ROCK1 and CRIK. Furthermore, muscle injury induced in vivo by large-strain lengthening contractions also activates rhoA and displaces it from M-bands, similar to the effects of obscurin's rhoGEF domain. These results suggest that obscurin-mediated activation of rhoA may play a physiological role in the response of muscle to contractile activity or contraction-induced injury.
Specificity
Obscurin's rhoGEF domain interacts with rhoA in vitro as well as in vivo in a distinctive and specific manner. Although rac1 localizes to the A-band in striated muscle ( Figure 3C ) and may associate at the M-band with obscurin, neither its expression nor its localization was affected by overexpression of obscurin's rhoGEF domain ( Figure 5C ; data not shown). Similarly, obscurin's rhoGEF domain failed to associate with either rac1 or cdc42 (Figure 1, A and B) . The absence of an effect on rac1 or cdc42 following in vivo expression of the rhoGEF domain suggests that obscurin has a specific effect on rhoA, but we cannot exclude the possibility that obscurin's rhoGEF domain can activate other small GTPases under particular physiological conditions. During the preparation of this manuscript, a report by Qadota et al. (2008) was published demonstrating that the DH-PH region of unc-89, the C. elegans homologue of obscurin's rhoGEF-PH domains, has exchange activity for rho-1, the C. elegans homologue of rhoA, but not for the small GTPases homologous to cdc42 or rac. These findings are consistent with our results in mammals, indicating that the specificity of obscurin's rhoGEF domain for rhoA is likely to have been evolutionarily conserved from nematodes to man. Preliminary evidence from our laboratory suggests that, in addition to rhoA, the rhoGEF domain may also interact with rhoC and rac3 (data not shown). Further research is needed to determine whether these interactions, like those mediated by rhoA, can activate downstream effectors, and if so, how obscurin differentiates between activation of rhoA and other small GTPases. Given the significant levels of rhoA present in skeletal muscle, and its concentration near obscurin at the M-band, obscurin's ability to activate rhoA and its downstream effectors is likely to be both facilitated by their close association and physiologically relevant.
The form of obscurin that is most likely to interact with rhoA is obscurin A, which our earlier work indicates is present at the M-band and associates with the sarcoplasmic reticulum (Young et al., 2001; Agarkova et al., 2003; Bagnato et al., 2003; Kontrogianni-Konstantopoulos and Bloch, 2005; Lange et al., 2005a; Armani et al., 2006; Bowman et al., 2007; Carlsson et al., 2008) . Although it seems most likely that this isoform is responsible for interacting with and activating rhoA, other isoforms of obscurin that contain the rhoGEF domain may do so as well. However, as we do not observe significant accumulation of rhoA at the A/I junction, where obscurin B is concentrated (Bowman et al., 2007) , obscurin B seems unlikely to play such a role. Homogenates from rat TA transfected by IVGT with plasmids encoding GFP or GFP-rhoGEF were analyzed for rhoA activity and expression. Top, RhoA activity was assayed with a GST fusion protein containing the rhotekin binding domain (GST-RBD), which binds specifically to the GTP-bound form of rhoA, followed by Western blotting. Middle, Western blotting was used to determine the relative levels of rhoA in the homogenates used for the GST-RBD pull-down assays. Bottom, labeling by Ponceau Red indicates equal protein loading in the two samples. (B) Quantification of the results shown in A (and data not shown), expressed as the ratio of samples transfected with GFP-rho-GEF compared with those transfected with GFP alone, shows an approximately threefold increase in rhoA levels and an ϳ12-fold increase in active rhoA when the rhoGEF domain is overexpressed (n ϭ 3). These differences were significant (**p Ͻ 0.005). (C) After IVGT, as described in A, homogenates of transfected muscles were analyzed by Western blotting for expression of ROCK1 and CRIK. Overexpression of the rhoGEF domain of obscurin results in increased levels of ROCK1 and decreased levels of CRIK (top). The levels of small GTPases rac1 and cdc42 do not change in samples that overexpress the rhoGEF domain of obscurin (bottom). As described above, Ponceau Red staining verifies equal loading of the two samples. (D) Quantification of the differences illustrated in C, determined by comparison of samples expressing GFP and GFP-rhoGEF, shows a 3.6-fold increase in ROCK1 and a 2.4-fold decrease in CRIK expression when GFP-rhoGEF is overexpressed in adult rat TA. The differences for both ROCK1 and CRIK are statistically significant (*p Ͻ 0.05 and **p Ͻ 0.005, respectively).
The specificity of obscurin's rhoGEF domain for rhoA is independent of its tandem PH domain, which is present in the A isoform of obscurin, as it is in many GEFs (Hoffman and Cerione, 2002; Rossman et al., 2005) . In some GEFs, the Tissue from injured or contralateral uninjured rat hindlimbs was collected immediately after large-strain lengthening contractions. (A) Longitudinal cryosections (20 m) of rat TA were analyzed by confocal fluorescence microscopy. Top, control. Absence of FDX indicates lack of injury to the muscle fiber. RhoA localizes to the M-band (red), and obscurin's rhoGEF domain localizes to the M-band and the Z-disk (blue). Bottom, injured: FDX-positive fibers indicate that they were injured (green). RhoA localizes to the M-band, Z-disk and Z/I junction (red), whereas obscurin localizes to the M-band and the Z-disk (blue). (B) Quantification of rhoA intensity, measured with ImageJ software across one sarcomere length, from the insets shown in A. Top, rhoA in uninjured muscle, from Z-disk to M-band to Z-disk. Bottom, rhoA in injured muscle. (C) Homogenates from control (uninjured) or injured (D0) rat TA were analyzed for rhoA expression and activity. Top, Western blotting was used to determine the relative levels of rhoA in the homogenates. Bottom, RhoA activity in the homogenates shown in the top panel was assayed with a GST fusion protein containing the RBD (GST-RBD), which binds specifically to the GTP-bound form of rhoA, followed by Western blotting. Total active rhoA is greater in injured tissue than in control tissue, but the total amount of rhoA remains unchanged immediately after injury.
tandem PH domain enhances guanine exchange activity (Rossman et al., 2002 (Rossman et al., , 2003 Pruitt et al., 2003) , but in others it is inhibitory (Han et al., 1998; Nimnual et al., 1998; Aghazadeh et al., 2000; Zheng, 2001 ). Although it is not required for interaction, the PH domain of obscurin is certainly not inhibitory, and in fact may help regulate guanine exchange on rhoA, because it seems to increase the efficiency of association of the rhoGEF domain with rhoA, thereby promoting its redistribution from M-bands (Figures 1B and 4C ; data not shown).
Activation and Distribution
The presence of rhoA together with obscurin at M-bands, and its displacement when the rhoGEF domain is overexpressed, are consistent with the hypothesis that the ability of rhoA to bind to obscurin's rhoGEF domain is sufficient to anchor it at the M-band. Because the dominant-negative form of rhoA associates with the rhoGEF domain preferentially, it seems likely that the rhoA concentrated at the M-band is inactive and that its dissociation and redistribution to the myoplasm and other sarcomeric structures is associated with its activation. Indeed, overexpression of the rhoGEF domain both induces the activation and the redistribution of rhoA. Our experiments do not rule out the possibility that rhoA at M-bands also binds to proteins other than obscurin, or to a domain of obscurin other than its rhoGEF domain. Overexpression of the rhoGEF domain, which we have demonstrated can associate with and activate rhoA, would likely be sufficient to compete with any endogenous binding site at the M-band, be it a domain of obscurin or of another protein. Experiments with forms of obscurin or its rhoGEF domain that cannot bind or activate small GTPases will be needed to address this question definitively and are currently underway in our laboratory.
Although obscurin's rhoGEF domain can activate rhoA, a physiological role for obscurin in activating rhoA in vivo must still be established. Both the expression and the activation of rhoA are linked to muscle activity (Kawamura et al., 2003; McClung et al., 2003; McClung et al., 2004; Zhang et al., 2007) , raising the possibility that muscle activity stimulates obscurin's rhoGEF activity. The presence of obscurin A at the periphery of M-bands, where contraction can lead to significant increases in the diameter of the sarcomere (Gonzalez-Serratos, 1975; Hegarty and Allen, 1977; Brown et al., 1984; Farman et al., 2007; Telley and Denoth, 2007) , may allow sarcomeric shortening to be sensed by obscurin's rho-GEF domain. The M-band is also the site at which the C-terminal kinase domain of titin is located, putting obscurin in an unique position to integrate contraction with downstream signaling cascades, which in turn can regulate the cytoskeleton, myofibril assembly, and muscle growth or hypertrophy (Granzier and Labeit, 2004; Agarkova and Perriard, 2005; Lange et al., 2005b; Weinert et al., 2006; Carmignac et al., 2007; Fukuzawa et al., 2008) . Our studies of muscle after contraction-induced injury indicate that lengthening contractions can activate and displace rhoA, similar to the effects caused by overexpression of obscurin's rhoGEF domain, suggesting that obscurin may be at least partially responsible for this effect. Further experiments with muscle expressing a form of obscurin lacking a functional rhoGEF domain will be needed to test this idea definitively. However, the similarity of the results obtained after lengthening contractions and after overexpression of the rhoGEF domain suggests the exciting possibility that obscurin responds to contractile activity by activating rhoA and, subsequently, ROCK1.
Downstream Signaling
The links between obscurin's rhoGEF domain, rhoA and ROCK1 are likely to be associated with changes in gene expression in cardiac and skeletal muscle linked to atrophy and hypertrophy. The expression of rhoA has been linked to the maintenance of homeostasis in skeletal muscle, because its levels are increased or decreased by disuse or functional overload, respectively (Aikawa et al., 1999; Finkel, 1999; Clerk and Sugden, 2000; Molkentin and Dorn, 2001; Chockalingam et al., 2002; McClung et al., 2003; McClung et al., 2004; Saka et al., 2006) . Stretch also activates rhoA in cultured striated muscle cells (Kawamura et al., 2003; Clark et al., 2004; Zhang et al., 2007) . Activation might occur by altering the conformation or accessibility of obscurin's rhoGEF domain, thereby promoting the dissociation of rhoA and facilitating the exchange of guanine nucleotides required for its activation. Contraction-related changes in other sarcomeric proteins that bind to obscurin, such as titin (Bang et al., 2001; Fukuzawa et al., 2008) or myomesin (Fukuzawa et al., 2008) , may also alter its binding to rhoA. Although our results would suggest otherwise, it remains possible that obscurin constitutively activates rhoA at the M-band. Indeed, some activated rhoA is present in control muscles that overexpress GFP alone, but because the rats were mobile and active before the muscle tissue was collected, its activation may have been linked to physiological levels of muscle contraction and stretching, or to other mechanisms.
Obscurin's rhoGEF domain increases not only the activity but also the overall expression of rhoA in adult skeletal muscle ( Figure 5A ). This suggests that rhoA is controlled by a feed-forward mechanism, whereby an overall increase in its activity promotes further increases in its expression. This is likely to be a physiological response, as increases in both the expression and activity of rhoA have been reported in cardiac hypertrophy (Aikawa et al., 1999; Molkentin and Dorn, 2001; Grounds et al., 2005; Ahuja et al., 2007) .
Our results indicate that obscurin is one of a growing number of large structural proteins, associated with particular sites within cells, that can interact with small GTPases to regulate their activity both locally and broadly in the cytoplasm. When up-regulated and activated by its interactions with obscurin's rhoGEF domain, rhoA has the potential to activate several downstream effectors. Here, we have shown that the increased expression and activation of rhoA by obscurin's rhoGEF domain increases ROCK1 expression and decreases CRIK expression. ROCK1 activity in striated muscle is associated with hypertrophy and myoblast fusion (Maekawa et al., 1999; Liu et al., 2003; Nishiyama et al., 2004; Castellani et al., 2006; Peters and Michel, 2007) , whereas CRIK activity is associated with cytokinesis and Golgi organization (Camera et al., 2003 (Camera et al., , 2008 Shandala et al., 2004; Berto et al., 2007) . RhoA signaling through ROCK1 is a well-characterized pathway that is up-regulated in cardiac hypertrophy, and is responsible for many of the associated morphological changes (Molkentin and Dorn, 2001; Ahuja et al., 2007; Peters and Michel, 2007) . Many of these changes are the result of activation of a subset of genes by SRF, which contain a SRE in their promoters (Carnac et al., 1998; Wei et al., 1998; Schratt et al., 2001; Lin et al., 2002; Carson et al., 2003; Liu et al., 2003; Kuwahara et al., 2005; Charvet et al., 2006; Miano et al., 2007) . Our results therefore suggest that obscurin's rhoGEF domain can activate rhoA, leading to its increased expression, and that this in turn may promote hypertrophic signaling in striated muscle by mobilizing rhoA's downstream effectors. Our future studies will test this idea by examining the effects of obscurin-mediated ac-tivation of rhoA on ROCK1 activity and the expression of sarcomeric proteins.
